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ABSTRACT

Field and modeling studies were performed to characterize two-phase flow within the natural
cleat structure of an upper Creftaceous aubbituminous oocal seam, A two borehole pattern with open
completion was used ‘n a atudy of dewaiering and traaer residence time distribution, Air was
pumped into a five meter thiok seam lucated about 170 meters below the surface, Krypton 85 was
used as the airborne tracer, Al inflow and air and wvater rroduction rates and tracer arrival
times were monitored, The field tests were simulated with a two-phase three component porous flow
code, Results showed that the air inflow and air and water outflow rutes and breakthrough times
oould not be modeled assuming a uniform darcy-type permuability. The use of a pressure dependent
permeability did provide, however, a much better matoh with the field data.
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INTRODUCTION

A primary technical requirement for
the operation of underground coal gasifica-
tion and most other in situ technologies is
the ability to create and to maintain an
optimal flow pattern within the desired
processing region. Many approaches have
been tried in an effort to engineer and
thus control the flow of the working fluid
through the geomedium, These include rub-
blization, fracturing, and various 1linking
methods, A first and essential step in
initiating and subsequently maintaining
desired flow patterns in a geomediuia 1s to
know something about the naturally occur-
ring flow paths and behavior of the pro-
posed working regilon, Only recently, in
the latest Hanna fleld experiments, uid
this need to know the flow characteristics
of the coal rormation become clearly
deuonstreted, A local fracture in the coal
seam prevented the formation of a normal
flow pattern ~rnd adversely affected the
subsequent hu-~n at that site, Other
problems in flow control, such as override,
have occurred at underground coal con-
version (UCC) tests in both Texas! and
Hyomixm.a'u.

Experience to this point has shown
that the flow pattern wilthin the formation
is a key factor to the succeas of UCC
and thet tha development work to date has
not solved this important design problem,
The work desoribed in this paper i3 a
beginning affort to more fully understand
and aharac%erize the preburn flow struoture
of a subbituminoun ocoal by the use of air
acceptance, dewatering, and tracer studies,

Several attempts at studving flow
within ocoal have been undertaken., Interest
in the natiral flow struotures of a ooal
formation has been limited to ocases where a
highly permeable zone surrounded thr ooal
seam, As was demoastrated by the reocant
Hanna IV test experienoe.“ a thorough
knowledge of the natural flow environment
is extremely important since faults and
highly .armeables zores will uffect the aube
sequeni procesaing ateps. Prior to thin
work, praburn studies on the flow structure
of a coal ‘eam have been limited primarily
to hydrology tests that ocan only give area
averagnrd flow conditions and a general in-
dleation of direotional permeability,
whereas detalled Ainformation, indioating,
e.g8., faults and highly parmeable zones, is
probably not deieoted, Modelirg studiss of
the natural flow and dewatering proceas has
alaso been Jimited, Striokland and
Jennings® moduled the problem of a highly
permeable water awnd zone akove and below
the ooal, They uasad a  two-dimenalonal
(r-z), two-phane (a r/water), finite
differsnce numerical aimulator to wuimulate

the effects of tne highly permeable sand
formation, The results showed how the air
bypassed the coal seam and followed Lhe
more permeable sand formation, Their sim-
ulation was for a single well and did not
show the effects of a proiuction well,
Also, no tracer studies were performed at
their site,

In general, the use of tracers® has
been limited to studying the coal seam fol-
lowing some type of disturbance to the for-
mation, i.e., after fracturing, during re-
verse linking, or forward gasification.
Tracer studies have shown their versatility
during UCC burns at Hoe Craek? and
Hanna, A tracer has been used to inves-
tigate the growth of the burn cavity and
the nature of the link during reverse com-
bustion. Tne model interpretation of the
data was limited to either aimple arrival
time and active vold volume determination
or asteady state two-dimensional, single-
phase modeling.,

Previous studles heve not Iinveati-
gatad in detail the preburn, two-phase flow
characteristics within a coal seam, In the
present invastigation of underground coal
conversion (UCC) in New Mexico, an inte-
grated prcgram has been followed in detei-
mining “he suitability of UCC 1in this
reglon,

UcC STUDIES IN NEW MEXICO

The study of UCC in the San Juan
Basin of New Mexico began in 1977 with
laboratory irvestigations of the coal.
These tests indicated that the Sen Juan,
Fruitland formation ocontained a shrinking
subbituminous ocoul that i3 very simi'ar
ohemioally to the Hanna, Wyoming, coal
where successful UCC tests have been per-
formed, Subsequent studies in New Mexico
have fooused on a detajiled characteriz.tion
of the geochemical and geophysical proper-
ties of s proposed UCC sitef-10 1ocoated
in the northwest ocorner of the basin, about
15 miles west of Farmington, New Mexico,
and directly east of the San Juan (Gencrat-
ing Station,

The present study is a modeling anal-
ysis with fiald verifiocation of the preburn
two phase flow charactaristics within the
five-meter coal seam at the San Juan L7C
test site, A two-hole pattern was drilled,
thsn oored and ocemented, as ashown in Fig.
t. Open cvompletion was made in the ocoal.
Air acceptance and tracer tesis were per-
formed in July, 1979. A “esoription of the
geology and hydrology of the aite was pre-
sented by Nuttall et nl.a snd the results
of the ourrent field test were given by
Williama and Nuttall,)!
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The objectives of the modeling and
field study were to ocharacterize the
natural flow paths within the ooal seam.
The process of air acceptance, dewatering,
and tracer injection was simulated, using
an advanced two-phase geomedia transport
code, Field data consisting of air in flow
rates, water and air production rates, ana
tracer ourves were compared to the model
predictions. Rasults suggest that the air
flow was primarily through oleats or joints
within the ocoal and that the composite of
field data can te interpreted by assuming a
pressure dependent permeability within the
seanm,

A description of the model and an
analysis of the field test data are pre-
sented in the following aections,

MODEL. DESCRIPTION

Computer simulations desoribed 1in
this paper were made with a multidimen-
sional, three-compunent, two-phase mass and
heat transport model oalled WAPE,'?
Although the applications in this study do
not exeroise the full chpabilities of the
model, we nevertheleas will give a complete
(but brief) desoription of WAFE.

The WAFE model oconsists of conserva-
tion wequations of @=mass, momentum and
energy, and aquations of state and oonsti-
tutive relations, e.g., for effective per-
meability. In a non-reacting system each
moleoular species must be conserved. WAFE
allows three oomponents: a noncondensable
gas, Hp0 (liquid and vapor) and a tracer
gas, The mass conssrvation equations for
these are

:i(fp ) .
B el V
gas e A t“\’w)
+ €S #veD !
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The last term of (3) inoludes both molenu-
lar diffusion and wmechaniocal dispersion,
Dispersion is represented in full tersor
fora v

v

1
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where thke funation q s that given by

Bear, 13 The tracer gas can exist 1in
either phase but at present cannot move
from one phese to the other,

WAFE solves two energy equations, one
for the fluid and another for the matrix,
When flow rates are large and/or matrix
partioles are large, fluid and matrix will
not necessarily be in thermodynamic
equilibrium,
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The term (Tp - Tg) represents heat
transfer batween fluid and "average” matrix
grains,

In a porous medium, for low to moder-
ate flow rates, the momentum conservation
equations oan be approximated by expres-
sions of the Forchheimer type

> ki »
(1 + aRey) Vy v - Ev;(VI’iﬂ'lu) 7

At low Reynolds numbor, (7) reduces
to Daroy's law. At higher Neynolds number
(1-100), nonlinear effects becnme ilmpcrtant
anrd (7) is much more acaurate tian a simple
Darey fo.mula*ion.

To complete the model, equations of
state and oertain oonstitutive relatinns
are needed, The nonoondensable component
is tremat~d 49 a3 perfect gas and tables are
used for the thermodyncmie properties of
H>0, 1llquii and vapor. Effeative per-
meability for each phase depends on phase
saturation, oapillary pressure and pressure
grudients. Fluid viscosities are atrongly
remperature dependent, Derivation of equa-
tions 1-7 for porous media can be found in
leference 13,

WAFE smolves equations 1-7 plus aqua-
tionsa of atate in Cartealan or oylindrical
geoometry using a finite difference ocontrol
volume numerloal tachnique. Material pro-
parties ocan vary apatially and a variety of
boundary oonditions are available. The
oode is flexible in that it ocan run tran-
mient; one= or twoedimenaional probleas
(3-D is avalilable for traocer flow
alone'), using one, two, or three uoa-
ponents under isothermal or non-isothermal
conditiona for one- or two-phase flow.

COMPUTER SIMULATIONS

Thae flow model desoribad in tha
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preceding section was used to simulate the
field tests, The air injection tests were
carriad out over a period of about a month
(July, 1979). The time  history |is
complex-- the air pumps were turned on for
ssveral hours, up to a day, then shut off,
This on-off pattern was repeated many
times, The resulting injection and produc-
tion rates were, hovever, very reproducible
as seen in Figures 2-U4, Pressure in the
injection hole, labeled GT-1, was maln-
tained near 250 psia (1,725 MPa) during
purping., This pressure varied by as muun
as 10% during some runs. In the computer
simulations, the source, GT-1, was
idealized to an air-filled cylinder main-
tained at & constant pressure of 250 psia,
(1.725 MPa).

Porosity of Fruitland coal 1s approx-
imately 10%. The in situ permeability as
determined from a drawdown test at the site
is 10 millidarcies, Capillary pressure
efrects were ignored because of lack of
data, The coal seam is below the water
table and was initiall® fully saturated,
The immobile water fraction, Sy, for
this material is unknown; we made calcula-
tions for 0% S4.

For the simulations, a planar geome-
try was uged to show flow in a plane in the
coal sean pei_.endicular tc the boreholes,
Variations in flow with depth ere ignored
here, (Buoyancy effect:, resulting in
over-ride, can be significant, especially
as hole separation increases, Thre«~
dimsnsional oalculations for u single well
in oylindrical geometry with axisymmetry
using the WAFE model clearly show the in-
oreasing importance of over-ride with dis-
tance from the air source, Three-
dimensional calculations for a two-hole
pattern showing effect of buoyancy will be
the subject of a future puper,) In the
vieinity of GT-1 and GT-2, the overburden
and underburden materials have much lower
permeability than the coal seam, an ideal
situation, The oompLtational outer boun-
daries were kep' at oonstant pressure (180
psia, the far Iield ambient pressure) and
wers rlaced at a large distance from the
boretoles,

The first simulation used a oconatant
10 md. permeability, The resulting air
injection and air and water production
ratea were an order of magnitude off from
the observations and the breakthrough tims
was asaveral days rather thar several
hours, Clearly, the assumption of a
constant 10 md. permeability is seriously
in error., We deoclided to try a pryssure
dependent permeability whioh inoreassy
linearly from 10 md, at ambient pressure to
1, duray at 250 pajia, At preassures below
amblent (180 paia’, the permeability was

left at 10 md. If air and water flow is
predominantly through a fracture network,
internal pressurization would tend to open
up tre fractures, greatly increasing their
effective permeability,

The simulation using pressure depen-
dent permeability gave much better agree-
ment uith observations (see Figures 5-7).
Air inflow rate at GT-1 rises rapidly for
about an hour, then at a slower, more or
less constant rate; the air inflow 1is on
the order of 100 SCFM which is t:pical of
the field conditions. Air production at
GT-2 begins a few hours after 3tart up,
rises rapidly and levals off around 12
SCFM, 1in very good agreement with the
data, Breaktnrough occurs at GT-2 after
about five hours, which 1is somewhat later
than obsgerved, Water production at GT-2 as
calculated by the model 1ir too large.
Water outflow decreases from a naximum of
about 1500 gal/day to a steady rate of
about 250 gal/day, In the field water pro-
duction at GT-2 ranged from an initial high
of several hundred gal/day down to 50-100
gal/day. Near the end gf‘ tre field testing
period, a tracer gas ( 5kr) flow test was
carried out. Injection occurred in GT-1;
GT-2 was packed off into four monitoring
levels, Tracer oconcentration histeries for
each level are shown in Figure 8, Inflow
rates were not uniform for the four levels;
the uppormost quadrant received at about
twice the rate seen in the lower sections,
The tracer test was simulated with the flow
model, The caloulated concentration
history at GT-2 is also shown in Figure 8,
Jualitatively the curves are very similar--
a rapid rise to the maximum and then
grajual decline as tracer particles that
took more tcrtuous patha through the coal
arrive et GT-2,

The qua itative differences in flow
betwcen the small, oonstant permeablility
oase and the pressurs dependent permeabil-
ity oase are jllustrated in Figures 9-1c,
These show pressure and water saturation
contours for the two simulations at select-
ed times, (Only half of tre ocoal seam is
shown bevauss of symuetry albout the line
Joining GT~1 and GT-2.) (OT-2 has a strong
efleot on the flow in the 10 md, permeabil-
ity oase, whcreas {ts influence on the
pressure dependent permeablility ocasuo i
highly loocalized.

This oaloulational study is not oo~
plete, There ara s:ill a number of factors
to be oconyidered whioch may lead to a more
auourate desoraption of the flow ocharac-
teristics of thia ocoal meam. The caloula-
tions indiocate small pressure gradients in
the voal, Uuder this oircumwtance, oapil-
lary pressure (igtored here) may have a
aignificant retarding effect on water
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flow, Also, the immobile water fraction
and buoyancy effects can alter flow pat-
terns and rates. There are also other data
set9 from this fileld experiment that bave
not been analyzed, S8such as decompre.sion
tests. Finally, the intermittent nature of
the field tests may be informative, Addi-
tional tests, involving four or five hole
patterns, are planned for the near future.
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